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ABSTRACT: Peatlands have received signiﬁcant atmospheric inputs of As and S
since the onset of the Industrial Revolution, but the eﬀect of S deposition on the fate
of As is largely unknown. It may encompass the formation of As sulﬁdes and
organosulfur-bound As, or the indirect stimulation of As biotransformation
processes, which are presently not considered as important As immobilization
pathways in wetlands. To investigate the immobilization mechanisms of
anthropogenically derived As in peatlands subjected to long-term atmospheric
pollution, we explored the solid-phase speciation of As, Fe, and S in English peat
bogs by X-ray absorption spectroscopy. Additionally, we analyzed the speciation of
As in pore- and streamwaters. Linear combination ﬁts of extended X-ray absorption
ﬁne structure (EXAFS) data imply that 62−100% (average: 82%) of solid-phase As
(Astot: 9−92 mg/kg) was present as organic As(V) and As(III). In agreement with
appreciable concentrations of organoarsenicals in surface waters (pH: 4.0−4.4, Eh:
165−190 mV, average Astot: 1.5−129 μg/L), our ﬁndings reveal extensive
biotransformation of atmospheric As and the enrichment of organoarsenicals in the peat, suggesting that the importance of
organometal(loid)s in wetlands subjected to prolonged air pollution is higher than previously assumed.
■ INTRODUCTION
Peatlands represent the most widespread group of wetlands,
covering ∼3% of the Earth’s total land area.1 They provide
essential ecosystem services, including organic carbon (Corg)
storage, biodiversity protection, and water budget regulation.
They also play a signiﬁcant role in the biogeochemical cycling
of trace elements.2−4 Peatlands of the Northern Hemisphere
have been impacted by emissions associated with coal-burning,
smelting, and other anthropogenic activities. Consequently,
many peatland environments exhibit elevated concentrations of
trace elements, including the potentially carcinogenic metalloid
As. Arsenic in anthropogenically impacted peatlands typically
reaches concentration levels of several tens of mg/kg,5−7
comparable to As-contaminated rice paddies in Southeast Asia,8
and can jeopardize water resources.9 Despite decades of
intensive As research, the impact of anthropogenically derived,
atmospherically deposited As on the biogeochemical As cycle is
largely unknown, particularly the eﬀect of atmospheric S
codeposition, triggered by the release of sulfur dioxide (SO2)
from coal-burning. In the U.K., for example, acid rain associated
with historical industrial SO2 and NOx emissions, has modiﬁed
the chemistry of sensitive peatlands, and led to a loss of plant
diversity.10 The eﬀect of sulfate (SO4) deposition on the
speciation and mobility of As in peatlands is unclear: Anoxic
peatlands may serve as a sink for S through SO4 reduction, thus
potentially sequestering As in sulﬁde minerals11 or facilitating
its binding to sulfhydryl groups (R-SH) of organic matter
(OM).12,13 Since increased S deposition can increase
methylation rates of Hg by sulfate-reducing bacteria in
peatlands,14,15 biomethylation of As may be another important
process in peatlands subjected to long-term deposition of both
As and S. The formation of volatile (methyl)arsines
(H3‑n(CH3)nAs, n = 0−3), the end product of microbial As
biomethylation which transforms inorganic As into simple
methylated As compounds,16 is a common process in
wetlands.17,18 Fluxes of (methyl)arsines emitted from peatlands
have been estimated to ≤2980 mg As/ha/y.17,18 Although data
on organoarsenical stores in atmospherically impacted peat-
lands are entirely missing, biomethylation of As is currently not
considered an important As immobilization process in
wetlands.19 In order to explore the fate of anthropogenic As
in peatlands inﬂuenced by signiﬁcant S deposition, we
determined the speciation of As, Fe, and S in peat bogs
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(ombrotrophic peatlands) of the Peak District, England, which
is situated in the heartland of the 19th Century English
Industrial Revolution (Figure 1). During this time, the rapid
growth of the cities of Manchester, Leeds, and Sheﬃeld led to
gross air pollution.20 Sulfur deposition from coal-burning
peaked at the start of the 20th Century, with values >150 kg
S/ha/y in this region.10 Owing to high levels of atmospheric
pollution throughout the period of industrial growth,10 peat
bogs of the Peak District are extensively contaminated with
trace metal(loids)s, including As.7,21 This pollution history
renders these peatlands a prime locality to explore whether
long-term codeposition of As and S has triggered the formation
of As sulﬁdes or organosulfur-bound As in the peats, or instead
resulted in the formation and storage of methylated As
species−analogous to Hg.15 Therefore, we used X-ray
absorption spectroscopy (XAS) and wet chemical analyses to
determine the speciation of As in the peat solid and aqueous
phase as well as in peatland streamwaters.
■ MATERIALS AND METHODS
Sampling. Peat monoliths and surface waters were collected
at ﬁve sites (A-E) with varying moisture conditions (Figure 1,
Supporting Information (SI) Table S1). The location and
characteristics of the sites are documented in the SI. Extruded
monoliths (11 cm diameter, 15 cm depth, PVC tube) were
immediately sealed with airtight rubberized end-caps and
transported to the laboratory at −18 °C using a portable
freezer (Waeco CoolFreeze CDF-11). Only relatively short
peat monoliths were required as this depth encompasses the
As-contaminated zone in Peak District peat bogs.7 A composite
sample of peat porewater from the upper peat (0−5 cm) was
collected at three replicate locations within a 50 cm radius of
each peat monolith. This depth was chosen to represent the
Figure 1. Field site in the Peak District, England, with elemental distributions of As, organic C, Fe, and S for ﬁve peat cores. (a) Location of the Peak
District situated between the industrial cities of Manchester and Sheﬃeld. (b) Bleaklow within the Peak District showing the major rivers and
reservoirs, which supply drinking water to Greater Manchester, the East Midlands, and South Yorkshire. (c) Overview of peat (solid and porewater
phases) and streamwater sampling sites (A−E) with the headwater drainage network. (d) Panoramic view of the peat bog environment at site C,
where Eriophorum is the main vegetation type. Incising peat gullies which form the drainage network are also evident. (e−i) Vertical distributions of
As, Corg, Fe, and S for sites A, B, C, D, and E, respectively. Element distributions are presented on a dry weight basis.
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acrotelm zone of the peat bog, which is associated with oxic/
suboxic conditions due to a ﬂuctuating water table, high
hydraulic conductivity, and runoﬀ production.22 Given that
long equilibrium times (days to weeks) are often required for in
situ porewater sampling in peat bogs23 and the vertical
resolution of porewater geochemistry was not required, a
modiﬁed squeezing approach suitable for peats was used to
collect the porewaters.24 The upper 5 cm of peat was extruded
using a PVC tube (7 cm diameter) with a predrilled port close
to the base. An end-cap was immediately placed on the base
and a rubberized plunger was used to apply pressure by hand.
Porewater was collected in a syringe attached to the basal port.
The waters were passed through 0.2 μm ﬁlters (Whatman) on-
site into sterile polypropylene (PP) vials without head space
and transported to the laboratory under refrigerated conditions
in the portable freezer. At each of the ﬁve sampling sites, water
samples were collected from three headwater streams draining
the peat bogs (Figure 1) using new 500 mL HDPE bottles
(Nalgene) that had been prerinsed with deionized water
(ELGA Purelab Option R7). Water samples were collected
from the center of the stream channel and ∼10 cm below the
water surface. Bottles were rinsed with streamwater prior to
sample collection. Subsamples for the various analyses
described below were ﬁltered on-site into PP vials without
head space and transported back to laboratory under
refrigerated conditions.
Aqueous-Phase Analyses. Redox potential and pH were
determined on-site on unﬁltered water samples. Total As (Astot)
and Fe concentrations in pore- and streamwaters were
determined by ICP-MS and ICP-AES, respectively, following
acidiﬁcation with double-distilled HNO3 to 2% (v/v) (BDH).
Aqueous inorganic and organic As species (arsenite, arsenate,
MMA(V), DMA(V), and arsenobetaine) were determined by
anion exchange HPLC-ICP-MS. Total carbon (TC) in the
water samples was determined with a total organic carbon
analyzer. Dissolved organic carbon (DOC) was calculated by
subtracting inorganic carbon from TC. Sulfate and NO3 were
determined by ion chromatography. Details on the aqueous-
phase measurements are provided in the SI.
Solid-Phase Analyses. Peat samples for total element
determination were sliced at contiguous one centimeter
intervals with a stainless steel blade and then freeze-dried
(Christ Alpha 1−2 LD plus). Peat samples were disaggregated
with a mortar and pestle, and then ﬁnely ground and
homogenized with an agate ball mill (Fritsch Pulverisette 0).
Milled peat was then mixed with wax binder (Licowax C
Micropowder) and pressed into 40 mm pellets for major and
trace element determination by XRF (PANalytical Axios
sequential X-ray ﬂuorescence spectrometer). A certiﬁed low
ash peat reference material25 was analyzed with each sample
batch. Element concentrations were within 10% of certiﬁed
values. Total C, N, and S contents were determined in triplicate
using a CHNS elemental analyzer (Leco CHNS-932). Mean
relative standard deviations of these measurements were 1%
(C), 4% (N), and 9% (S) (n = 25). Selected peat samples from
the surface and subsurface zone at each of the ﬁve sites were
examined using a FEI/Philips XL30 environmental scanning
electron microscope equipped with an EDAX Gemini energy-
dispersive X-ray spectroscopy (EDS) system. Therefore, intact
one centimeter thick peat samples were air-dried, mounted
onto Al specimen stubs and then carbon coated.
Based on XRF results, a subset of peat samples was selected
and prepared for XAS analyses. The preparation included
freeze-drying and milling (as above) and subsequent ﬁlling into
Figure 2. Arsenic speciation in the studied peat samples. (a) Normalized As K-edge XANES spectra of selected As(V) and As(III) reference
compounds and peat samples originating from diﬀerent sites and a depth of 4−5 cm. Abbreviations and white-line maximum positions of the
reference compounds: As(V)-Fh = arsenate-adsorbed ferrihydrite (11874.1 eV), Asob = arsenobetaine (11871.2 eV), DMA(V) = dimethylarsinic
acid (11872.1 eV), MMA(III) = monomethylarsonous acid (11870.1 eV), and TPTA(III) = tris(phenylthio)arsine (11869.4 eV). (b) Arsenic K-edge
EXAFS spectra of LCF reference compounds and peat samples (E0 = 11875 eV). Linear combination ﬁts of the samples are shown as red lines. The
ﬁts of all peat samples are illustrated in Figure S7 and their results are reported in Table 1. (c) Magnitudes of the Fourier-transformed EXAFS spectra
calculated over k = 2−11 Å−1 using a Hanning window function with a sill width of 2 Å−1.
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Al sample holders. Until the end of the XAS measurements the
samples were kept under anoxic conditions. Bulk As K-edge
(11867 eV), Fe K-edge (7112 eV), and S K-edge (2472 eV)
XAS spectra were collected at cryogenic temperatures at
beamlines 11−2 (As), 4−1 (Fe), and 4−3 (S) of the Stanford
Synchrotron Radiation Lightsource (SSRL, Menlo Park, CA,
USA). Arsenic and Fe extended X-ray absorption ﬁne structure
(EXAFS) spectra were analyzed by linear combination ﬁtting
(LCF) in Athena26 after principal component analysis and
target-transform testing (PCA-TT)27 in SIXPack.28 EXAFS
shell-ﬁt analyses were performed in Artemis,26 and spectral
deconvolutions of normalized S X-ray absorption near edge
structure (XANES) spectra were carried out in WinXAS 3.2.29
Details on XAS data collection, reduction, and analyses are
given in the SI.
■ RESULTS AND DISCUSSION
Down-Core Trends. The down-core trends in total As,
Corg, Fe, and S concentrations are shown in Figure 1, and
Figures S1 and S2 display the concentrations of major and trace
elements in the peat. Arsenic concentrations in the peat ranged
from <1 to 92 mg/kg, with an average of 15 mg/kg (Figure 1).
The three wettest sites (A, B, and E; Table S1) exhibited similar
solid-phase As distributions. Arsenic maxima at these sites
occurred at the peat surface (0−1 cm) and were synchronous
with the Fe peak. This distribution pattern likely originates
from postdepositional mobilization and lateral transport of As
since these sites are located on gentle foot slopes and thus
receive water via near-surface ﬂow pathways in the acrotelm.21
In contrast, As and Fe maxima at the drier sites C and D
occurred below the surface, between depths of 2−5 cm. All
down-core trends of As at depths >2 cm broadly mirrored those
of Pb (Figure S2), whose maxima in Peak District peat bogs
have been dated to ∼1900 AD − the climax of the English
Industrial Revolution.21 Down-core trends in S were neither
correlated with Fe nor As (Figure 1).
Solid-Phase Arsenic Speciation. Figure 2 shows As K-
edge XANES and EXAFS spectra of As(III) and As(V)
reference compounds and peat samples from 4 to 5 cm depth.
The XANES spectra of the peat samples exhibited white-line
maxima which fell in between those of arsenate-adsorbed
ferrihydrite (11874.1 eV) and tris(phenylthio)arsine (11869.4
eV), a compound in which As(III) is coordinated to three S
atoms at a distance, r, of 2.26(1) Å12 (Figure 2a). The broad
white lines in the peat XANES spectra indicate mixtures of tri-
and pentavalent As, the latter being more abundant in samples
C3 and D3 originating from the drier sites (Figure 2a, Table
S1). All peat samples showed comparatively small Fourier-
transform peaks at ∼1.3 Å, which are characteristic of O/C pair
correlations of alkylated As compounds such as arsenobetaine
or dimethylarsinic acid, DMA(V) (Figure 2c). In order to
determine the major As species and their corresponding
fractions in the peat, we analyzed the As EXAFS spectra by
means of LCF. This XAS data evaluation method provides
semiquantitative estimates of major coordination environments
of the target element. Potential As species in the peat were
elucidated by PCA-TT analyses based on a spectra set of 15
peat samples and a comprehensive library of As reference
compounds (see SI). Our results revealed the presence of four
major coordination environments of As representing Fe-
associated inorganic As, organic As(V), organic As(III), and
As(III) associated with reduced organic S (‘Sorg-bound
As(III)’). The LCF results are summarized in Table 1 and
selected ﬁts are illustrated in Figure 2b. Accordingly, the peat
contained 0−38% Fe-bound arsenite/arsenate (x ̅ = 12%), 28−
78% organic As(V) (x ̅ = 48%), 7−56% organic As(III) (x ̅ =
34%), and 0−20% Sorg-bound As(III) (x ̅ = 6%). Arsenate
associated with Fe was most abundant at site C (19−30%) and
the top centimeter of site E (38%) (Table 1). The ﬁt reference
‘arsenate-adsorbed ferrihydrite’ implies that arsenate is sorbed
to Fe(III)-(oxyhydr)oxides,30 Fe(III)-OM complexes,31 and/
orto a lesser extentFe sulﬁdes32 (see Fe speciation section
and SI section 7). Despite a correlation between down-core As
and Fe concentrations (Figure 1), the identiﬁcation of autigenic
and allogenic Fe particles in the peat (Figure S3) and 1.73−
24.8 g/kg Fe in samples analyzed by As XAS (Table S2), the
Table 1. Linear Combination Fit Results for k2-Weighted As K-edge EXAFS Spectra of the Studied Peat Samples.a
sample depth As Fe-bound inorganic Asb organic As(V)c organic As(III)d ∑organic As Sorg-bound As(III)e red. χ2f NSSRg
(cm) (mg/kg) (atom%) (atom%) (atom%) (atom%) (atom%) (×103) (%)
A2 2−3 24 17 (7) 37 (0/37/0) 47 83 0 3.6 2.1
A3 4−5 25 0 33 (0/33/0) 51 84 9 (7)h 1.7 1.6
A4 6−7 10 0 57 (44/13/0) 27 84 16 5.9 5.5
B2 2−3 14 0 53 (18/35/0) 42 95 5 5.6 4.3
B3 4−5 40 5 (5) 37 (0/37/0) 39 75 20 1.7 1.7
B4 6−7 12 0 40 (13/27/0) 43 82 18 3.8 3.4
C2 2−3 12 30 (0) 40 (0/40/0) 31 70 0 6.7 2.3
C3 4−5 26 26 (0) 43 (0/35/7) 31 74 0 3.9 1.3
C4 6−7 9 19 (0) 61 (44/0/18) 20 81 0 5.0 3.1
D3 4−5 10 18 (0) 56 (17/40/0) 25 82 0 3.7 1.8
D4 6−7 10 0 78 (36/42/0) 22 100 0 7.6 5.2
D5 8−9 10 14 (0) 78 (62/16/0) 7 86 0 12 6.9
E1 0−1 92 38 (0) 50 (0/50/0) 12 62 0 6.4 1.8
E2 2−3 15 3 (3) 34 (0/34/0) 50 84 13 3.3 2.9
E3 4−5 27 7 (7) 28 (0/28/0) 56 84 9 3.4 2.9
aFit range: 0.5−12.5 Å−1. Fit fractions were normalized to a component sum of 100%. Initial ﬁt sums were 99−118% (x ̅ = 107%). Fit fractions are
accurate within ±10 atom% at best (see SI). bFit references: Arsenate- and arsenite-adsorbed ferrihydrite. Values in parentheses indicate the
percentage of arsenite. cFit references: Arsenobetaine, dimethylarsinic acid, and monomethylarsonic acid disodium salt. Their respective ﬁt fractions
are shown in parentheses (a/d/m). dFit reference: Monomethylarsonous acid. eFit reference: Tris(phenylthio)arsine. fFit accuracy (reduced χ2).60
gNormalized sum of squared residuals (100 × ∑i(datai-ﬁti)2/∑idatai2).
hOrpiment (As2S3) fraction stated in parenthesis.
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majority of As was not associated with Fe. Except for one
sample, As was not found to exist in sulﬁde phases either,
despite elevated S contents (Tables 1 and S2) and the presence
of S-rich particles in the peat (Figure S3). Instead, organic As
constituted 62−100% (x ̅ = 82%) of total As (Table 1). Our
data thus provide the ﬁrst evidence for organic As species
dominating the solid-phase As speciation in wetlands
characterized by low As contents (Table 1). Reference
compounds employed for organic As species in the LCF
analyses comprised arsenobetaine, dimethylarsinic acid, mono-
methlyarsononic acid disodium salt (MMA(V)), and mono-
methylarsonous acid (MMA(III)). The arsenobetaine and
DMA(V) references alone were ﬁt with up to 62 and 50%,
respectively (Table 1). In arsenobetaine (hydrate) As is present
as arsonium cation coordinated to three methyl groups (CH3)
and one methanediyl group (CH2) (rAs−C = 1.86(1)-1.92(1) Å,
x ̅ = 1.90 Å).
33 In DMA(V) As is coordinated to two methyl
groups (rAs−C = 1.895(2) Å) and two oxygens (rAs−O =
1.662(2) and 1.720(2) Å, x ̅ = 1.691 Å).
34 EXAFS shell-ﬁt
analyses of samples from sites C and D conﬁrmed our LCF
results: On average about 1.4 ± 0.5 O atoms and 2.2 ± 0.7 C
atoms were ﬁt at 1.69 ± 0.01 Å and 1.89 ± 0.02 Å, respectively
(x ̅ ± σ, n = 6) (Figure S8 and Table S5). The As−C distances
are in agreement with those found in arsenobetaine hydrate and
DMA(V), whereas the As−O distances comply with DMA(V),
arsenate-adsorbed ferrihydrite,35 and the relatively low As(III)
contents in these samples (Table 1). The suitability of
arsenobetaine as a ﬁt reference suggests that arsonium
compounds such as arsenobetaine, arsenocholine, the tetrame-
thylarsonium ion (TETRA), and/or arsenosugars/-lipids
prevail in the peat, in addition to simple methylated As
compounds. In accordance with our LCF and shell-ﬁt results,
peat extractions conﬁrmed the presence of substantial amounts
of arsenobetaine (1.21−7.08 mg As/kg, x ̅ = 3.58 mg/kg) and
DMA(V) (0.47−4.05 mg As/kg, x ̅ = 1.73 mg/kg) in the peat
samples (Table S8).
Terrestrial and aquatic plants show a high variation in the
relative abundance of As species. Arsenite and arsenate are
frequently detected in water or water/methanol extracts of
plant tissue, in addition to MMA(V), DMA(V), trimethylarsine
oxide (TMAO), arsenobetaine, arsenocholine, and arsenor-
iboses.36−40 However, arsonium compounds are typically far
less abundant in plants and As-methylating bacteria41 as
compared to the simple methylated arsenicals. Thus,
arsenobetaine formation in peat bogs likely involves organisms
of intermediate trophic levels such as fungi38 or plankton,42 the
latter being supported by strong As accumulation in algae
observed in streams of a minerotrophic peatland.43 Cultivable
fungi in the upper layer of Peak District peats are typically in
the range of 1 × 106 CFU/g soil with Ascomycota and
Basidiomycota dominating the fungal community structure.44 In
marine environments, arsenobetaine formation has been linked
to As detoxiﬁcation and its role as an osmolyte, and postulated
to result from arsenosugar degradation or the synthesis from
dimethylarsinous acid (DMA(III)) and 2-oxo acids (glyoxylate
and pyruvate).45
In all peat samples MMA(III) was ﬁt with up to 56%
(Table 1), indicating the presence of high proportions of
methylated As(III) species in the peat. The ﬁt fractions of
MMA(III) were signiﬁcantly lower at the drier sites C and D as
compared to sites with more sustained water saturation (sites A,
B, and E; Table S1) (t-test, one-tailed p = 0.007). In concert
with large fractions of DMA(V) in all peat samples, these
results accord with the Challenger pathway16,46 in which
microbially absorbed arsenate is initially reduced to arsenite
which then undergoes stepwise oxidative methylation and
Figure 3. Iron speciation in the studied peat samples. (a) Normalized Fe K-edge XANES spectra of Fe(III) reference compounds used for linear
combination ﬁtting and select peat samples originating from diﬀerent sites and a depth of 4−5 cm. Abbreviation of reference compounds: Fh =
ferrihydrite, Hem = hematite, Fe(III)-Cit = Fe(III)-citrate, Fe(III)-Ox = Fe(III)-oxalate, Fe(III)-DHB = Fe(III)-3,4-dihydroxybenzoate. (b) Iron K-
edge EXAFS spectra of the reference compounds and peat samples (E0 = 7130 eV). Linear combination ﬁts are shown as red lines. The ﬁts of all peat
samples are illustrated in Figure S12 and their results are summarized in Table 3. (c) Magnitudes of the Fourier-transformed EXAFS spectra
calculated over k = 2−11 Å−1 using a Hanning window function with a sill width of 2 Å−1.
Environmental Science & Technology Article
DOI: 10.1021/acs.est.5b06182
Environ. Sci. Technol. 2016, 50, 4314−4323
4319
reduction reactions, leading to the formation of volatile
(methyl)arsines. As a consequence, MMA(V) and DMA(V)
are frequently identiﬁed as metabolites in bacteria.41
Our LCF analyses also revealed that an As fraction of ≤20%
in the peat existed as Sorg-bound As(III) (Table 1). This result
is similar to ﬁndings obtained by Langner et al.11,12 for a
minerotrophic peatland, in which up to 44% of total As was
bound as As(III) to sulfhydryl groups of peat OM at depths
<35 cm. Organosulfur-coordinated As(III) in our peat samples
suggests that As taken up by microorganisms and/or peat-
forming plants through phosphate transporters (arsenate) or
aquaporin channels (arsenite) is detoxiﬁed via binding to
sulfhydryl-rich peptides such as glutathione or phytochela-
tines.47,48 Alternatively, arsenite may bind to sulfhydryl-rich
peat OM under reducing conditions without direct biological
inﬂuence.13 In summary, our speciation analysis implies that
organoarsenicals dominate solid-phase As in all peat samples.
Aqueous-Phase Arsenic Speciation. The geochemical
conditions and As speciation in peat bog pore- and stream-
waters are summarized in Table 2. The waters were acidic (pH
4.0−4.4), suboxic (Eh: 165−190 mV), and contained 0.66−2.75
mg/L SO4. Total As concentrations in the porewaters were
variable, with site averages ranging from 3.0 to 129 μg/L. The
porewaters contained 4−71% arsenite, 1−14% arsenate, 1−15%
arsenobetaine, and ≤4% MMA(V) and DMA(V). Interestingly,
the porewaters also contained 13−87% unidentiﬁed As species,
most likely due to coelution of cationic As species and/or
retention of noneluting species on the column. MMA(V) and
Table 3. Linear Combination Fit Results for k2-Weighted Fe K-edge EXAFS Spectra of the Studied Peat Samplesa
sample depth Fe Fe(III)org
b Fhc Hemd red. χ2e NSSRf
(cm) (g/kg) (atom%) (atom%) (atom%) (×103) (%)
A3 4−5 2.05 100 (47/23/30) 0 0 4.0 1.4
B3 4−5 2.82 57 (31/6/21) 33 10 3.1 0.3
C3 4−5 12.2 9 (9/0/0) 42 49 4.2 1.7
D3 4−5 10.3 40 (40/0/0) 35 25 2.0 0.8
D4 6−7 3.16 100 (51/0/49) 0 0 3.5 1.1
D5 8−9 1.84 100 (46/0/54) 0 0 3.2 1.0
E1 0−1 24.8 100 (45/8/47) 0 0 2.7 0.9
E2 2−3 3.30 43 (0/0/43) 27 30 3.6 1.8
E3 4−5 1.87 67 (26/8/33) 20 13 2.6 1.1
aFit range: 1.5−12.0 Å−1. Fit fractions were normalized to a component sum of 100%. Initial ﬁt sums were 92−107% (x ̅ = 99%). Fit fractions are
accurate within ±10 atom% at best. bOrganic Fe(III) complexes. Fit references: Fe(III)-citrate, Fe(III)-oxalate, and Fe(III)-3,4-dihydroxybenzoate.
Their respective ﬁt fractions are shown in parentheses (c/o/d). cFerrihydrite. dHematite. eFit accuracy (reduced χ2).60 fNormalized sum of squared
residuals (100 × ∑i(datai-ﬁti)2/∑idatai2).
Figure 4. Sulfur speciation in the studied peat samples. (a) Normalized S K-edge XANES spectra of peat samples from sites C-E as a function of
sampling depth. (b) Gaussian curve ﬁts of selected peat spectra. Experimental data are shown as black and ﬁt envelopes as red lines. The spectral
decomposition is exemplarily illustrated for sample A3. The two arctan functions are shown as dashed lines and the Gaussian peaks correspond to
(from left to right) inorganic sulﬁde, exocyclic/elemental, heterocyclic, sulfoxide, sulfone, sulfonate, and sulfate S. The ﬁt parameters for all samples
are reported in Table S9.
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DMA(V) were only detected at the wettest sites (Tables 2 and
S1). Frequent and persistent saturation at these locations, and
associated anoxic conditions, is likely to have facilitated the
methylation of As by sulﬁdogenic and/or methanogenic
bacteria.49 Conversely, prolonged oxic conditions at sites C
and D, evidenced by lower Fe and higher NO3 concentrations
in porewaters, are likely to have inhibited the formation of
MMA(V) and DMA(V). Consistent with lower As biomethy-
lation rates at the drier sites, arsenobetaine accounted for 28−
38% of all organic and unidentiﬁed As species, substantially
more than the wetter sites (Table 2). The presence of inorganic
As in porewaters complies with short half-lives (0.5−12.6 days)
determined for DMA(V) and arsenobetaine in fen soils at 5 °C
as a consequence of demethylation and sorption reactions.50
Arsenic concentrations in streamwaters were lower and less
variable, with site averages of 1.5−3.2 μg/L. Streamwaters
contained 0−29% arsenite, 27−59% arsenate, 8−15% arsen-
obetaine, and 12−55% unidentiﬁed As species. Arsenobetaine
comprised 13−56% of all organic and unidentiﬁed As species
(Table 2). Overall, the abundance of organic As species in pore-
and streamwaters conﬁrms the importance of As biotransfor-
mation in the peat as implied by the solid-phase speciation
results.
Solid-Phase Iron and Sulfur Speciation. Figure 3a
illustrates Fe K-edge XANES spectra of selected Fe reference
compounds and peat samples from all sites and a depth of 4−5
cm. The XANES spectra (n = 9) exhibited ﬁrst-derivative
maxima at ∼7127 eV, typical of Fe(III) compounds. Supported
by PCA-TT results (see SI), this ﬁnding precludes the existence
of appreciable amounts of Fe(II) in the peat. Figure 3b shows
ﬁts of selected k2-weighted EXAFS spectra and Table 3 reports
the LCF results for all samples. Accordingly, the peat samples
contained between 9 and 100% organic Fe(III) complexes (x ̅ =
68%), 0−42% ferrihydrite (∼Fe5HO8·4H2O, x ̅ = 17%), and 0−
49% atmospherically deposited hematite (α-Fe2O3, x ̅ = 14%).
Despite the presence of signiﬁcant amounts of Fe(III) minerals
in about half of the samples studied by Fe XAS, most of the As
was not associated with these phases (Tables 1 and 3).
Likewise, although organic Fe(III) complexes were the
dominant Fe species in the peat, the majority of As was not
bound in ternary As-Fe(III)-OM complexes.31,51
Sulfur speciation analyses were conducted by Gaussian
deconvolution of normalized S K-edge XANES spectra. The
spectra were deconvoluted using two arctan functions, the edge
steps of reduced and oxidized S species, and seven Gaussian
functions representing S s → p transition peaks of inorganic
sulﬁde, exocyclic/elemental, heterocyclic, sulfoxide, sulfone,
sulfonate, and sulfate S. Figure 4a shows selected S XANES
spectra of peat samples from sites C-E as a function of depth,
and Figure 4b illustrates the spectral deconvolution of selected
peat spectra. Two major absorption regions were evident in all
samples: The ﬁrst is characterized by “reduced S” (inorganic
sulﬁde, exocyclic/elemental, and heterocyclic S) with white-line
energies <2474.3 eV; the second accommodates “oxidized S”
(sulfonate and sulfate S) with white-line energies >2481.0 eV
(Figure 4). Reduced S accounted for 58−82% (x ̅ = 68%) and
oxidized S for 13−36% (x ̅ = 25%) of total S. With only 5−9%
(x ̅ = 6%) of total S, the contribution of “intermediate oxidized
S” (sulfoxide and sulfone S) with white-line energies of
2475.9−2479.5 eV was low and likely overestimated due to
postedge absorption features of reduced S species52 (Table S9).
Down-core trends in S speciation at sites C−E were variable
(Figure 4a). At < 6 cm depth at site C, exocyclic/elemental S
was depleted (−10%) relative to heterocyclic S. At site D we
observed no change in the S speciation with depth, whereas at
site E the peat surface (<1 cm depth) was depleted in
exocyclic/elemental S (−15%) and enriched in oxidized S
(Figure 4a, Table S10). Samples from the drier C and D sites
showed signiﬁcantly less reduced S in comparison to the wetter
A, B, and E sites (Mann−Whitney Rank Sum Test, p = 0.004).
This result coincides with the lack of S-coordinated As(III) in
the former samples (Table 1). Although reduced S was the
dominant S form in the peat, only a small fraction of As was
associated with S and most As prevailed as C-bound As
(Table1 ).
Environmental Implications. Current knowledge on the
importance of organoarsenicals in the biogeochemical As cycle
in wetlands is largely based on porewater speciation
analyses49,53 and the quantiﬁcation of volatile (methyl)arsines
emanating from soil.17,18 Such analyses have supported the view
that As biomethylation is associated with As mobilization and
thus a loss of As from soil. In contrast, our spectroscopic
analyses revealed that simple and more complex organo-
arsenicals constitute a substantial portion of solid-phase As in
peat bogs subjected to atmospheric deposition of anthropogeni-
cally derived As, which has not been reported so far.54,55 This
ﬁnding challenges the current assertion that the eﬃciency of
metal(loid) biomethylation (and biosynthesis) processes in
water/sediment systems is generally low compared to the
amount of metal(loid) present.56 We found that long-term
atmospheric codeposition of inorganic S and As, originating
from industrial centers of England, has neither resulted in the in
situ formation of As sulﬁde minerals and the extensive binding
of As to organic S under anoxic conditions, nor an appreciable
immobilization of As by Fe(III)-(oxyhydr)oxides under oxic
conditions, as frequently observed for naturally As-contami-
nated wetlands.12,57 Instead, long-term As deposition has
stimulated extensive As biotransformation reactions in the
peat, by which inorganic As is detoxiﬁed by microorganisms.
The accumulation of organic As in the peat under anoxic
conditions is expected to decouple the biogeochemical cycles of
As and Fe since microbial Fe(III) reduction would hardly aﬀect
the stability of organoarsenicals in the peat. As a result, the
vertical postdepositional mobility of As in peat bogs is limited
under conditions of sustained water saturation. However, water
table drawdown and subsequent peat oxidation may stimulate
demethylation reactions and cause the lateral migration of
inorganic As as evidenced at the wetter sites A, B, and E
(Figure1 , Tables 1 and 2). The mobilization of inorganic As
under oxic conditions, its lateral migration into wetter, more
reducing, and S-rich zones facilitates biomethylation reactions,
which is corroborated by high proportion of organic As (62% of
Astot) in the top centimeter at site E. These organoarsenicals
must have formed during the last one or two decades given a
peat accumulation rate in this area of 0.5−1 mm/y.21
The abundance of organoarsenicals provides the ﬁrst
molecular-level explanation for the generally high stability and
preservation of As in ombrotrophic peatlands, which facilitates
their use as archives of historical atmospheric As deposi-
tion.5,6,58,59 In summary, our results document that microbial
organoarsenical formation can be a quantitatively important As
immobilization pathway in wetlands, suggesting that the
signiﬁcance of organometal(loid)s in wetlands subjected to
gross air pollution is higher than previously thought.
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